oskar (osk) (Lehmann and Niisslein-Volhard, 1986 ) at the posterior pole of the developing oocyte (Ephrussi et al., 1991; Kim-Ha et al., 1991) .
One component of the actin cytoskeleton is tropomyosin, an evolutionarily conserved protein that stabilizes filamentous actin structure and modulates its interaction with other actin-binding proteins (Bray, 1992 
Introduction
The cytoskeleton is critical for mediating all aspects of cell behavior, including cell division, cell movement and the transport of materials within cells (Bray, 1992; Stossel, 1993) . In Drosophila, several mutations in genes encoding actin cytoskeletal components have been identified. They include spaghetti-squash, which encodes a regulatory light chain of non-muscle myosin necessary for cytokinesis (Karess et al., 1991) , zipper, which encodes a non-muscle myosin heavy chain required for cell sheet movements during dorsal closure (Young et al., 1993) and chickadee, which encodes a profilin needed for transport of cell cytoplasm during oogenesis (Cooley et al., 1992) . In the case of microtubule cytoskeletal components, their essential role has been shown for localizing mRNAs involved in germline determination and body patterning (reviewed in Macdonald, 1992; St Johnston, 1995) . These two developmental processes are interconnected in Drosophila through the activity of the pole plasm, which is required for both germ cell formation and abdominal segmentation (reviewed in St Johnston, 1993 (Hanke and Storti, 1988) . (B) The 14 kb P-element enhancer trap construct [the red triangle; for details of the construct see Mlodzik and Hiromi (1992) ance of actin cables from the cytoskeleton and defects in cytokinesis (Liu and Bretscher, 1989; Balasubramanian et al., 1992) . In mammalian cells various isoforms of tropomyosin associate with stress fibers and lamellipodia (Bray, 1992; Pittenger et al., 1994) . Drosophila has five muscle isoforms and one non-muscle or cytoskeletal, isoform of tropomyosin (Karlik and Fyrberg, 1986; Hanke and Storti, 1988) . The only mutation identified to date in Drosophila is in one of the muscle isoforms that affects the jump and indirect flight muscles (Karlik and Fyrberg, 1985; Tansey et al., 1987) . Here we report the zygotic and maternal effects of a lack-of-function mutation in the cytoskeletal tropomyosin. Our results indicate that this actin-binding protein is required for specific cell movements during head morphogenesis and for accumulating high levels of osk mRNA at the posterior pole necessary for germ cell formation but not for abdominal development.
Results
Identification of a cytoskeletal tropomyosin lack-of-function mutation In a search for genes which control the development and functioning of the larval feeding system (M.J.Pankratz, unpublished data), we isolated a lethal P-element line (Karpen and Spradling, 1992) in which the homozygous mutant larvae cannot feed due to the inability of the animals to suck food into the mouth atrium (see below). These mutants die as starving first instar larva. Mobilization of the P-element (Mlodzik and Hiromi, 1992) resulted in the reversion of the feeding defect, with the larvae developing into normal adults. This indicated that the insertion of the P-element is the cause of the mutant phenotype.
In order to clone the gene identified by the mutation, we isolated flanking sequences of the P-element by plasmid rescue (Mlodzik and Hiromi, 1992) . The subsequent sequencing of the plasmid rescued genomic DNA fragment indicated that the P-element has inserted into the tropomyosin locus ( Figure IA ) at the cytogenetic interval 88F at the right arm of the third chromosome. This locus consists of two neighboring genes termed tropomyosin I and II, each encoding various alternatively spliced isoforms of the actin-binding protein (Karlik and Fyrberg, 1986; Hanke and Storti, 1988) . The tropomyosin II gene encodes three muscle isoforms through differential splicing of the same primary transcript. The only non-muscle, or cytoskeletal isoform encoded by the tropomyosin II gene (cTmIl) derives from a different primary transcript under the control of a separate promoter (Hales et al., 1994) . The P-element causing the mutant phenotype has inserted into an exon which is unique to cTmII ( Figure IA ). This insertion disrupts the single open reading frame after the 20th amino acid and thereby causes a non-muscle isoformspecific lack-of-function mutation, which we termed cTmIIP (Figure iB) .
The lack of zygotic cytoskeletal tropomyosin results in a specific head defect cTmII is expressed nearly ubiquitously in a variety of tissues during development but with strong expression in the head region of late embryos (Hales et al., 1994 ; see below). Homozygous cTmIIP embryos develop into hatching larvae, but die during the first instar stage due to a defect in head morphogenesis (Figure 2 ). In wildtype embryonic development, the cells and tissues of the prospective head undergo a complex series of morphogenetic movements through which the entire head becomes tucked inside the body, a process called head involution (Jurgens and Hartenstein, 1993 (Figure 2 ), which accounts for the inability of these animals to feed.
Morphological analysis with various cell markers indicated that all the identifiable parts of the head are present. Staining with muscle myosin heavy chain antibody (Kiehart and Feghali, 1986) revealed no gross structural defects in the muscle pattern ( Figure 2B and E), and staining with the neuronal marker 22C10 (Zipursky et al., 1984) indicated that all the major sensory organs in the head (Schmidt-Ott et al., 1994) are present ( Figure 2C and F). We did not detect any other gross morphogenetic defects in the embryo. The specificity of the mutation is further evidenced by the fact that the mutant embryos can hatch and the larva can move around normally and aggressively attempt to take in food (unpublished observation).
The lack of maternal cytoskeletal tropomyosin affects germ cell formation cTmII is already expressed during oogenesis (Hales et. al., 1994; see below) . Therefore, the late defect observed in zygotic cTmIIP embryos could be due to the fact that the maternal component of cTmII provides sufficient activity to rescue the mutant embryos into the larval stage. Surprisingly, when we removed the maternal component of cTmII in addition to the zygotic one (Chou et al., 1993) , no morphogenetic defects in addition to the one found in zygotic cTmIIP mutants were observed ( Figure  3A and B) . Indeed, when we removed only the maternal contribution, we obtained normal-looking adults. This indicates that the maternal component of cTmII has no lethal effect on embryonic, larval or adult development. However, embryos lacking maternal cTmII are defective in the formation of the pole cells, which are the germline precursor cells. In wild-type development, pole cells are formed by pinching off from the rest of the cells at the posterior end of the embryo during blastoderm formation. Figure 3C and D, pole cell formation is affected in embryos lacking maternal cTmII (see also Figure 4E and F).
As shown in
Maternal cTmll is required for oskar mRNA accumulation The formation of pole cells requires the activities of genes which are also necessary for abdominal segmentation (St Johnston and Niisslein-Volhard, 1992; Pankratz and Jackle, 1993; St Johnston, 1993) . These genes comprise a cascade which is required to localize components of the pole plasm at the posterior pole of the embryo. A key component of the pole plasm is encoded by the gene osk (Lehmann and Niisslein-Volhard, 1986) , the mRNA of which is localized at the posterior pole and whose activity is critical for both pole cell formation and abdominal segmentation (Ephrussi et al., 1991; Kim-Ha et al., 1991; Ephrussi and Lehmann, 1992; Smith et al., 1992) . A branchpoint in distinguishing the two developmental processes is the localization of mRNA for nanos (nos), a posterior determinant which is required only for abdominal segmentation and not germ cell formation (Lehmann and Niisslein-Volhard, 1991; Wang and . In embryos lacking maternal cTmII, the level of osk mRNA localized to the posterior pole is dramatically reduced as compared with wild-type embryos ( Figure 4A and B) . We also examined the expression of vasa (vas) protein, which is also required for both germ cell and abdominal development, and whose posterior localization depends on osk activity (Hay et al., 1988 (Hay et al., , 1990 Ashburner, 1988, 1990) . Only remnant vas staining is seen in the posterior pole where pole cells would normally pinch out ( Figure 4E and F).
The difference in the level of localized osk mRNA in wild-type and cTmII mutant condition is less dramatic in the oocytes than in the early embryos ( Figure 5A and B) , and the precise level of reduction is variable. Mislocalization of osk mRNA, as is found in gurken and cornichon mutant oocytes (Gonzalez-Reyes et al., 1995; Roth et al., 1995) , was not observed. Furthermore, staining with phalloidin indicated no major alterations in filamentous actin structure ( Figure 5C and D) . Taken together, these results suggest that cTmII is required to anchor or maintain osk mRNA at the posterior pole, rather than in the actual transport from the anterior to the posterior pole. This view is supported by the expression pattern of the cTmII mRNA (Figure 6 ), which is localized at the posterior pole of the oocyte and early embryos.
Discussion
The head phenotype of zygotic cTmIIP mutants contrasts with the head defects associated with the various segmenta- tion gene mutants (Jurgens and Hartenstein, 1993) . In the latter case, the defects observed can be attributed to deletion of certain segmental regions of the head anlagen. In light of the known biochemical properties of the tropomyosins in actin binding and in regulating the cell contractile apparatus (Bray, 1992) , the mutant phenotype of cTmIIP embryos is most likely due to the failure of specific cells and tissues in the head to move per se, rather than as a secondary consequence arising from deletion of certain head structures. These observations indicate that the cytoskeletal tropomyosin functions in a specific aspect of cell movement during head involution.
The pole cell defect in embryos lacking the maternal cTmII is consistent with the view that the level of osk activity is reduced due to the strongly reduced level of osk mRNA accumulation at the posterior pole. On the other hand, the fact that these embryos do not have abdominal defects indicates that the drastic decrease in osk mRNA localization does not interfere with the abdominal segmentation process. It is known that the process of abdominal segmentation is less sensitive to defects in the posterior pole plasm than pole cell formation (Lehmann and Nusslein-Volhard, 1986 ) and weak alleles of posterior group genes exist which are defective in germ cell formation but not abdominal segmentation (St Johnston, 1993).
Indeed, in embryos lacking maternal cTmII, nos mRNA is localized in a manner indistinguishable from that of the wild-type ( Figure 4C and D) . Our results show that the lack-of-function mutation in cytoskeletal tropomyosin causes a sufficient decrease in the level of osk mRNA accumulation to affect germ cell formation, but does not affect the localization of components specifically required for abdominal segmentation. Since such embryos give rise to viable adults, localization of components required for proper anterior segmentation and dorsal-ventral polarity (St Johnston and Nusslein-Volhard, 1992; Roth et al., 1995; Gonzalez-Reyes et al., 1995) is also functionally unaffected. In view of the otherwise nearly ubiquitous expression of cTmII, other possible functions may be hidden by functional redundancies between different components of the cytoskeleton.
At this point, the precise molecular mechanism underlying cTmII function is not known. cTmII could function at several steps in germ cell formation, including being part of a multi-protein complex that anchors osk mRNA (for reviews see Macdonald, 1992; Wilhelm and Vale, 1993 ; see also Webster et al., 1994) . However, the function of the tropomyosin-dependent actin cytoskeleton appears to be different from that of the microtubule cytoskeleton in the intracellular localization of mRNAs required for germ cell formation and embryonic polarity. For example, it has been shown that the microtubuleassociated staufen protein (Ferrandon et al., 1994) is required for proper localization of osk mRNA as well as mRNA of bicoid, the key component of the maternal anterior segmentation system (St Johnston et al., 1989) . Consistent with this, embryos from mutant staufen females have segment pattern defects in both the anterior and posterior regions (Schupbach and Wieschaus, 1986; St Johnston et al., 1991) . In contrast, the lack of cTmII activity affects germ cell formation but gives rise to viable adults. This suggests that the requirement for the tropomyosin-dependent cytoskeleton is restricted to those components generating the germ cells. Taken together, the findings to date suggest that the microtubule cytoskeleton plays the major role in the transport of materials to the poles (Pokrywka and Stephenson, 1991; Theurkauf et al., 1992; Clark et al., 1994; Ferrandon et al., 1994; Lane and Kalderon, 1994; Theurkauf, 1994; Gonzalez-Reyes et al., 1995; Roth et al., 1995; St Johnston, 1995) , while the tropomyosin-dependent actin cytoskeleton is needed for properly anchoring or accumulating the transported mRNAs to ensure their high level required for germ cell formation. This finding is reminiscent of earlier studies in Xenopus (Yisraeli et al., 1990) , showing the involvement of microtubules in translocating maternal Vgl mRNA and of microfilaments in anchoring the mRNA.
Materials and methods
Isolation and molecular analysis of the cTmHl mutant
The cTmII mutant was isolated in a feeding screen where we assayed for mutants which cannot swallow properly (M.J.Pankratz, unpublished data). We used the dyed yeast feeding assay (Pankratz and Hoch, 1995) to screen the P-element lines, which were kindly provided by Allan Spradling. Chromosome localization of the rescued fragment hybridizes to the 88F region in the right arm of the third chromosome (data not shown), which also corresponds to the tropomyosin locus. This P-line, 1(3)2299, is also lethal over the deficiency Df(3R)ea (obtained from K.Anderson) which uncovers this chromosomal region. Mobilization of the P-element was performed using standard genetic crosses by introducing a source of transposase (Mlodzik and Hiromi, 1992) . The genomic region flanking the P-element insertion point was isolated by plasmid rescue (Mlodzik and Hiromi, 1992) and the rescued fragments of 1.6 and 3.6 kb from two independent rescue experiments were subcloned into pBST and sequenced. Both match the published sequence of cytoskeletal tropomyosin (Hanke and Storti, 1988) and indicate that the P-element had entered into the position encoding the 20th amino acid within the open reading frame (see Figure 1) . Whole mount in situ hybridization of the rescued fragment in embryos (see Figure 6) showed the expression pattern of cytoskeletal tropomyosin cDNA as previously reported (Hales et al., 1994) .
Immunocytochemistry
The antibody stainings were done as previously described (Macdonald and Struhl, 1986) . The in situ hybridization was carried out according to the method of Tautz and Pfeifle (1989) , with minor modification for oocytes (Suter and Steward, 1991) . DNA probes were used for detecting osk and nos mRNAs, while RNA probe was used for detecting cTm mRNAs. For the latter the probe was derived from a 1.6 kb plasmid rescued genomic fragment that contains the cTm-specific first exon. The rhodamine-phalloidin staining was performed as previously described (Verheyen and Cooley, 1994) . The osk and nos probes were gifts of R. Lehmann, vas antibody was a gift of P.Lasko, muscle myosin heavy chain antibody was a gift of D.Kiehart and 22C10 a gift of N.Patel.
Germline clones
Embryos lacking maternal cTmII were generated by the DFS-FLP method of Chou et al. (1993) using the original P-element line recombined onto the FRT82B chromosome, and the P(ovoD 1) insertion on the FRT82B chromosome. A single heat shock was delivered at 37°C for 2 h during second and third larval instar stages. Embryos lacking both maternal and zygotic contribution were generated by fertilizing mutant germline clones with 1(3)2299/TM3Sb males, while those lacking only the maternal contribution were generated by fertilization with wildtypes males.
